Accurate spectroscopic properties are given for the molecules AuF, AuF ϩ , and AuF 2 derived from relativistic coupled-cluster calculations using an energy-adjusted relativistic pseudopotential for gold. Nonrelativistic and relativistic second-order Mo "ller-Plesset calculations are carried out for the dimer Au 2 F 2 to investigate its stability in gas phase and to estimate the solid state stability of AuF. Relativistic effects are discussed for AuF at the coupled-cluster level by comparison with nonrelativistic results. For some of the properties relativistic effects are larger than electron correlation contributions leading to anomalies in the trend down the group 11 series of fluorides. Electric properties are calculated using the finite field method. Vibrational effects on molecular properties are discussed. The AuF coupled-cluster dissociation energy of 3.1 eV is in excellent agreement with the best estimate of Schwarz et al. ͓Angew. Chem. Int. Ed. Engl. 33, 212 ͑1994͔͒ obtained from recent mass spectrometric studies ͑3.2 eV͒. The thermodynamic stability of AuF is discussed in detail. The calculated data suggest that AuF is not thermodynamically stable towards disproportionation into Au and AuF 3 .
I. INTRODUCTION
In a recent communication we predicted that under certain conditions the plasma reaction AuϩCF 4 ϩO 2 yields the diatomic molecule AuF as the dominant gas phase species. 1 Our theoretical study was initialized by a radio-frequency ͑RF͒ glow-discharge plasma experiment by Saenger and Sun in 1992 who etched gold foil using a reaction mixture of O 2 /CF 4 or O 2 /SF 6 . 2 These experiments produced yellow emission bands which were assigned to a 1 ⌸→ 1 ⌺ ϩ transition of AuF, and spectroscopic constants were estimated for the electronic ground and excited state of this molecule. However, Saenger and Sun could not rule out the possibility that these bands were produced by AuF ϩ , AuO, or AuO ϩ . 2 Very recently, Schwarz and co-workers unambiguously identified AuF using neutralization-reionization mass spectrometry. 3 Based on ion/molecule reactions the dissociation energy for AuF was estimated to be in the range of 68 -85 kcal/mol with 73 kcal/mol being the most probable value.
The chemistry of the group 11 fluorides has been reviewed by Müller. 4 Within the group 11 series of fluorides ͑oxidation state ϩI͒ only CuF and AgF are well characterized gas phase species 5 and, of these, only AgF is known to exist in the solid state. 4 -6 Gold(I) fluorides of the structure XAuF ͑X any ligand͒ have not been isolated yet in contrast to the other halides of gold, which are well known solid state compounds. 7 On the theoretical side, there are some few investigations into the fluorides of copper, 8, 9 silver, 10,11 or gold 1, 11, 12 at the correlated level. One major difficulty in calculating accurate spectroscopic constants for fluorides is that both correlation and relativistic effects play an important role for almost all molecular properties. 8, 11, 13, 14 For instance, in a recent paper on copper fluorides 8 it was shown that for CuF ϩ there is an avoided crossing between the two ionic potential curves Cu ϩ -F and Cu 2ϩ -F Ϫ near the equilibrium distance, thus giving rise to difficulties in a single reference CISD treatment of the potential curve.
A survey of relativistic calculations published over the last five years shows that 63% of all papers applied the relativistic pseudopotential method. Hence, this method is the most widely used computational technique in heavy element chemistry. Especially for larger molecules containing heavy elements this approximation seems to be the only computationally attractive and reliable method. However, the pseudopotential approximation has been criticized by several authors working in the field of relativistic all-electron methods. 15 Indeed, a careful choice of the core and of the adjustment procedure is necessary to produce pseudopotentials which yield results of all-electron quality.
11, 16 Kaldor and Hess showed very recently that for the molecular properties of the gold hydrides the pseudopotential technique we use yields basically the same results as the more expensive Douglas-Kroll relativistic all-electron coupled-cluster procedure. 17 Moreover, the calculated relativistic effects for the gold atom and the Au 2 molecule at the pseudopotential a͒ To whom correspondence should be addressed. level 18 are also in excellent agreement with results obtained using several other approaches. 19 In this paper we present coupled-cluster calculations at the scalar relativistic level for the molecules AuF, AuF 2 , and AuF ϩ using the pseudopotential approximation for the gold atom. Accurate spectroscopic constants are predicted for all molecules. Relativistic effects are discussed in detail for AuF by comparison with nonrelativistic coupled-cluster calculations. Second-order Mo "ller-Plesset calculations for the dimeric compound Au 2 F 2 are presented to discuss the stability of AuF towards disproportionation into Au and AuF 3 .
II. COMPUTATIONAL METHODS
Energy adjusted scalar relativistic ͑one-component, spin-orbit averaged͒ pseudopotentials within a singlereference coupled-cluster procedure ͓CCSD͑T͒, QCISD͑T͔͒ ͑Refs. 20 and 21͒ and many-body perturbation theory ͑MBPT or Mo "ller-Plesset MP2, MP3, and MP4SDQ͒ were used to obtain spectroscopic constants for the 1 Fock ͑HF͒ and second-order Mo "ller-Plesset level and the coupled-cluster calculations are single-point only at the optimized MP2 structure. The dissociation energies were calculated using the separate atoms. The AuF and AuF ϩ potential curves were used to obtain the vibrational-rotational spectrum numerically, 23 which was then fitted to a Dunham potential. 24 In the case of AuF ϩ the 2 ⌺ ϩ potential curve is quite shallow and the higher-order Dunham parameters were therefore omitted in the vibrational-rotational analysis. The AuF dipole moment and polarizability tensor were calculated by applying the finite field technique using electric fields of 0, Ϯ0.001, and Ϯ0.002 a.u., respectively. The dependence of the averaged internuclear distance, the dipole moment, and the static dipole polarizability on the vibrational structure of the molecule has been determined by calculating the matrix elements ͗n͉P͉n͘ ͑abbreviated as P n in the following͒ for a particular vibronic state ͉n͘ and molecular property P. 25 Since the rotational dependence was found to be insignificant, we set Jϭ0 and use the abbreviation ͉n͘ϵ͉n,Jϭ0͘, hence all P n values reported are averaged over the rotational ground state Jϭ0. In order to obtain a lower limit for the cohesive energy of solid AuF we carried out computer intensive nonrelativistic and relativistic HF and MP2 calculations on the dimeric system Au 2 F 2 ͑276 basis functions contracted to 216 functions͒ in the planar F-bridged D 2h arrangement.
III. DISCUSSION

A. Molecular properties
The molecular properties of AuF, AuF ϩ , and AuF 2 are summarized in Tables I-III. The potential curves at various levels of theory are shown in Fig. 1 . The AuF potential curves show similar behavior around the equilibrium distance, i.e., the Dunham parameters do not vary substantially for the different correlation methods applied. However, at bond distances of rϾ2.9 Å all potential curves show unphysical features due to the incorrect dissociation behavior of the single reference restricted closed-shell wave function ͑dissociation to the ionic limit͒. This fact is well known and 
Zero-point energy is defined as the AuϩF dissociation limit.
has been pointed out and discussed in detail before by Bartlett and co-workers. 26 It is interesting ͑but not surprising͒, that the triple corrections obtained from a perturbative treatment diverge at longer bond distances. An unrestricted treatment would correct this anomaly but suffers from spincontamination and difficulties in the convergence behavior of the coupled-cluster procedure. Therefore, a multiconfiguration coupled-cluster or CI treatment is necessary in order to obtain accurate data above 2.9 Å. In contrast, the open-shell AuF ϩ potential curves show a normal dissociation behavior. Here, however, the potential curves differ substantially in their behavior around the minimum. Now, the Dunham parameters vary substantially and we have therefore neglected higher order terms. Figure 1͑b͒ shows that the UHF potential curve is repulsive down to small internuclear bond distances. Recent calculations on CuF ϩ revealed that there is an avoiding crossing between the two ionic potential curves Cu ϩ -F and Cu 2ϩ -F Ϫ . 8 We assume that the ionic counterpart Au 2ϩ -F Ϫ will mix in strongly at the correlated level and a single reference procedure is therefore not adequate ͑the single reference MBPT series is converging extremely slowly͒. The coupled-cluster procedure is obviously able to account for most of the important configurations and this explains the large difference between the results from this method and those of the perturbative treatment. Nevertheless, such large differences between single-reference MP and coupled-cluster procedures have not been encountered before. We can therefore predict only the AuF ϩ bond distance, ionization potential, and dissociation energy with some accuracy, Table II. Our best estimate for the AuF dissociation energy is 3.1 eV in excellent agreement with the estimated value by Schwarz and co-workers of 3.2 eV. 3 We assume that the true dissociation energy lies slightly above 3.2 eV due to the limited number of polarization functions in our basis set used. The calculated CCSD͑T͒ value is, however, a remarkable improvement compared to the previously published CISD/SC ͑2.23 eV͒ and CEPA-1 ͑2.51 eV͒ result. 8 The QCISD dissociation energy is slightly larger than the CCSD value and triple contributions improve the correlation energy to the dissociation energy in the QCISD and CCSD procedure by 6% and 11%, respectively. The MP series shows the typical alternating behavior in molecular properties well known for diatomic fluorides. 13 The best estimate for the bond distance is 1.94 Å. However, we expect that improvement of the basis set may lead to slightly smaller bond distances. Figure 2 shows the vibrationally averaged internuclear distance r n ϭ͗n͉r͉n͘ with increasing vibrational quantum number n. The curve shows an almost exact linear behavior, i.e., we obtain at the QCISD͑T͒ level, r n ϭ1.9437ϩ0.0098n ͑Å͒. ͑1͒
It is noteworthy that the internuclear distance changes substantially with increasing vibrational quantum number ͓ϳ0.01 Å per quantum number, Eq. ͑1͔͒ due to the large anharmonicity of the AuF potential curve. We expect therefore that if the bond distance could be measured by gas phase electron diffraction experiments it would be critically dependent on the temperature applied. The best estimate for the AuF dipole moment is approximately Ϫ4.9 D. This value is quite large compared to the relative small bond distance of AuF indicating an ionic bond. The dipole moment decreases with increasing vibrational quantum number, n ϭϪ4.899Ϫ0.034n ͑D͒. ͑2͒
This clearly indicates an ionic bonding behavior. The dependence of the electric dipole moment on the internuclear distance is shown in Table IV . The polynomial function is valid only in the vicinity of the bond minimum, i.e., as r͑Au-F͒→ϱ the dipole moment (r)→0 and therefore, (r) must go through a minimum at larger bond distances. As expected, the static dipole polarizabilities ␣ are more sensitive towards electron correlation contributions. The MP The parallel component ␣ ʈ is quite sensitive towards vibrational contributions, i.e., we obtain a 1.5% increase in ␣ ʈ per quantum number n. As expected from the polynomial coefficients shown in Table IV , the perpendicular component ␣ Ќ is less sensitive towards vibrational contributions, Fig. 3 .
The Dunham parameters for AuF are shown in Table I which should be useful for future microwave investigations in this molecule. It is evident that the higher order components in the Dunham series become more sensitive towards the electron correlation procedure that is applied. For example, there is substantial variation in the vibrationalrotational coupling constant ␥ e between the different correlation methods used. We therefore neglected higher order terms since these become very sensitive to the fit procedure applied ͑i.e., the number of vibrational-rotational states chosen͒ and to the functional form of the potential curve at larger bond distances. It may, however, be useful to compare to experimentally derived values for the molecules CuF and AgF obtained from microwave spectroscopy. 5 The harmonic frequency e of CuF and AgF is 622.7 and 513.4 cm Ϫ1 , respectively. The calculated value of e ͑AuF͒ is 539 cm Ϫ1 at the CCSD͑T͒ level which is above the value for AgF. This is clearly due to relativistic effects, This supports the findings by these authors that yellow emission bands of AuF were observed. The CCSD͑T͒ data for AuF ϩ show that this molecule can be ruled out as the species detected in gas phase. Moreover, the best estimate for the ionization potential of AuF is 10.8 eV ͑Table I͒, which suggests that there should only be a very small amount of AuF ϩ in gas phase. This disagrees with the high intensity of the emission bands. 2 The best estimate of the AuF ϩ dissociation energy is 0.80 eV. This is similar to an estimated dissociation energy of CuF ϩ ͑0.79 eV at the CISD/SC level͒. 8 We also investigated the 2 ⌸ state of AuF ϩ which is very weakly bound. At the CCSD͑T͒ level we obtain the following spectroscopic constants: r e ϭ1. . However, we neglected spin-orbit coupling effects which may become important for this particular electronic state.
B. Relativistic effects
Relativistic effects for several molecular properties of AuF are compared with correlation contributions in Table V . It is interesting that at the Hartree-Fock level relativistic effects can either be underestimated (k e , e ,␣ e ,r e ) or overestimated (D 0 ). MP2 seems to give reasonably accurate results for estimating relativistic effects, with the exception of the dipole polarizabilities. We note that relativistic and correlation effects are not additive ͑see also the discussion in Ref. 27͒ . In several cases relativistic effects are larger than correlation contributions giving rise to anomalies along the group 11 series of fluorides. For example, we obtain for the metal-fluorine bond distances r e ͑CuF͒ϭ1.745 ÅϽr e ͑AgF͒ϭ1.983 Å as expected, 5 but r e ͑AgF͒ Ͼr e ͑AuF͒ϭ1.943 Å due to relativistic effects. 11 Relativistic effects on the AuF dissociation energy are small compared to the electron correlation contributions. Large relativistic effects are calculated for the AuF stretching force constant giving rise to the anomaly in the harmonic frequency as discussed above. The dipole moment and dipole polarizabilities also undergo large relativistic changes. Figure 4 compares the dipole moments along the group 11 series of fluorides. One clearly recognizes the anomaly going from AgF to AuF due to relativistic effects. A straightforward explanation is given by the relativistically increased electronegativity of the Au atom (⌬ R ENϭϪ0.54) ͑Ref. 18͒ causing a decrease in the ionicity and consequently decreasing the dipole moment. 
C. AuF as a solid state compound
A possible route for the synthesis of AuF by plasma techniques has been published previously. 1 We analyze the energetics of the fluorination process of gold in more detail in order to discuss the stability of AuF, scheme 1. From the formation enthalpy of AuF 3 , ⌬H f 298 ϭϪ363.6 kJ/mol, 28 the cohesive energy of metallic gold 28 and the calculated data given in Tables I and III and Ref. 9 for Au 2 F 6 , we estimate the sublimation energy of AuF 3 ͓AuF 3 ͑s͒→Au 2 F 6 ͑g͔͒ to be ϳ220 kJ/mol.
The overall reaction of Au͑s͒ to solid AuF 3 is exothermic and this explains why the fluorination process will yield AuF 3 rather than AuF. The question is: Is AuF͑s͒ stable towards the disproportionation reaction ͑4͒ in the solid state? 3AuF͑s͒→2Au͑s͒ϩAuF 3 ͑s).
͑4͒
From the energies given in scheme 1 we estimate that reaction ͑4͒ is endothermic if the sublimation energy of AuF ͓AuF͑s͒→AuF͑g͔͒ is larger than ϳ270 kJ/mol. The relatively large AuF dipole moment suggests strong Coulomb interactions in the solid state and therefore a reasonably large AuF sublimation energy. In order to obtain a lower estimate for the sublimation energy, we have calculated the dimerization energy of AuF in the gas phase. The results are shown in Table VI . The calculations reveal that Au 2 F 2 has a minimum F-bridged planar D 2h structure,
The structural data are shown in Table VI at the nonrelativistic and relativistic level. We note a very short Au-Au distance of only 2.84 Å ͑!͒ at the relativistic MP2 level in contrast to the nonrelativistic result ͑3.33 Å͒, which may indicate some weak Au-Au interaction 29 ͑see discussion in Ref. 30͒. We expect from the dissociation energy of Au 2 F 2 →2AuF that the sublimation energy of AuF is larger than 50 kJ/mol ͑otherwise Au 2 F 2 would not undergo a transition into the solid state͒. We note that the AuF dipole moment is relativistically reduced which will lead to a reduction of the Coulomb dipole-dipole attraction between the AuF units and therefore to a relativistically reduced cohesive energy. This can be seen when comparing the dimerization energy which is relativistically reduced by 43% at the HF level and 48% ͑!͒ at the MP2 level, Table VI . Hence, we expect that the sublimation energy of AuF will be smaller than that of AgF. The AgF sublimation energy, ⌬H s , can be estimated from thermodynamic data ͓⌬H f 298 ϭϪ202.9 kJ/mol ͑Ref. 28͔͒. We obtain ⌬H s Ϸ210 kJ/mol for AgF. Hence, the sublimation energy of AuF is expected to lie somewhere be- Comparing the AuF with the Au 2 F 2 ionization potential at the MP2 level we see that IP v ͑Au 2 F 2 ͒ is slightly smaller than IP v ͑AuF͒, as expected from simple MO arguments. The vibrational spectrum is probably better suited to distinguish between both molecules in the gas phase ͑Table VII͒, i.e., the highest Au-F stretching frequency of Au 2 F 2 ͑ϳ400 cm Ϫ1 ͒ lies well below the one of AuF ͑ϳ540 cm Ϫ1 ͒. Relativistic effects in the vibrational frequencies of Au 2 F 2 are significant and cannot be neglected. For example, the B 3g mode changes from 254 cm Ϫ1 to 100 cm Ϫ1 due to relativistic effects. A comparison between the vibrational spectra of the group 11 dimeric fluorides M 2 F 2 would therefore be of particular interest.
IV. SUMMARY
We have predicted spectroscopic properties for the molecules AuF, AuF ϩ , AuF 2 , and Au 2 F 2 using a scalar relativistic pseudopotential approximation for gold. The results for AuF are in good agreement with the very few experimental data available for this compound. Estimates are given for thermodynamic data of the fluorination reaction of gold predicting that solid AuF is not stable thermodynamically. We conclude that there remains a kinetic chance for isolating solid AuF. For future gas phase studies of AuF we predict the dimerization energy and the vibrational spectrum of Au 2 F 2 . Relativistic and correlation effects are both important for all molecular properties discussed, and in general, are not additive.
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